Eukaryotic chromosomes are anchored to a spindle apparatus during mitosis, but no such structure is known during chromosome segregation in bacteria. When sister chromosomes are segregated during sporulation in Bacillus subtilis, the replication origin regions migrate to opposite poles of the cell. If and how origin regions are fastened at the poles has not been determined. Here we describe a developmental protein, RacA, that acts as a bridge between the origin region and the cell poles. We propose that RacA assembles into an adhesive patch at a centromere-like element near the origin, causing chromosomes to stick at the poles.
Sister chromosomes in eukaryotic cells are anchored to the spindle apparatus during mitosis by kinetochores, multiprotein structures that assemble on a specialized region of the chromosome known as the centromere. The spindle apparatus pulls sister chromosomes apart toward opposite poles of the cell via centromere-bound kinetochores (1) . Sister chromosomes also separate from each other in bacteria in a process that involves the movement of the region of the chromosome containing the origin of replication (bacteria have a single bidirectional origin) toward the cell poles (2) . Bacteria lack a conspicuous mitotic apparatus, and no equivalent of a kinetochore that anchors the chromosome to a cellular structure is known. Nonetheless, during the cell cycle of Caulobacter crescentus and during sporulation in Bacillus subtilis newly duplicated origin regions migrate to extreme opposite ends of the cell and appear to be anchored there (3) .
B. subtilis cells that have begun to sporulate contain two chromosomes that are condensed in an elongated, serpentine-like structure known as the axial filament (4) . The axial filament extends from pole to pole with the origins located at its ends. A septum then forms near one pole, which divides the developing cell (sporangium) unequally into a forespore (the smaller compartment) and a mother cell (5) . Formation of the septum traps the origin region of one chromosome in the forespore. Next, a DNA translocase pumps the remainder of the chromosome across the septum into the forespore (6, 7) . The axial filament was discovered 35 years ago (4), but the basis for its formation is mysterious. Also, it is uncertain whether the replication origin regions are truly fastened to the cell poles-and, if so, how. Here we describe a developmental protein named RacA (for remodeling and anchoring of the chromosome) that is required for formation of the axial filament and for anchoring the origin regions at the cell poles.
Remodeling the chromosome. We discovered racA (annotated ywkC) by building mutants of a large collection of genes whose transcription had been found to be under sporulation control (8) . Transcription of racA was switched on early in sporulation and in a manner that depended on the master regulators for entry into sporulation Spo0A and H ( fig. S1A ). Immunoblot analysis demonstrated that RacA was present transiently during sporulation (between hours 1.5 and 4 at 30°C; fig. S1B ). In keeping with the idea that RacA is dedicated to sporulation, homologs were present in the related spore-forming species Bacillus anthracis and Bacillus halodurans.
To investigate the role of RacA in sporulation, we treated developing cells with the membrane stain FM4-64 and the DNA stain 4Ј,6-diamidino-2-phenylindole (DAPI) and visualized them by fluorescence microscopy. We observed three principal effects of the absence of RacA. First, formation of the polar septum was delayed in a RacA mutant; at hour 2 of sporulation, for example, 16% of the wild-type cells but only 4% of the mutant cells had undergone asymmetric division. Second, whereas wild-type cells formed an extended DNA mass (nucleoid) (Fig. 1 , A and C), the mutant exhibited a stubby nucleoid (Fig. 1, B and D) . Third, wild-type cells trapped DNA in the forespore with high fidelity, but mutant cells that had undergone polar division frequently lacked DNA in the forespore (Fig. 1, B and D) . All (350/350) the wild-type sporangia with polar septa examined at hour 2.5 had trapped DNA in the forespore, whereas only 50% (133/268) of the mutant sporangia had done so. Even those mutant sporangia that did succeed in trapping some DNA lacked an axial filament, as indicated by the gap between the nucleoid and the opposite pole of the sporangium (Fig. 1E) and by the relatively small amount of DNA that was trapped in the forespore just after septation (Fig. 1B) . Thus, RacA is required for formation of an extended nucleoid and for efficient trapping of DNA in the forespore.
Getting a second chance. The absence of RacA had a severe effect on axial filament formation. Yet, the RacA mutant was only modestly impaired in spore formation (ϳ50% that of the wild type). How are we to explain this apparent contradiction? RacA mutant sporangia that were able to produce DNAcontaining forespores sporulated normally. Moreover, many of the mutant sporangia with empty forespores underwent a second round of polar division. Whereas only 4% (11/260) of the wild-type sporangia at hour 3 had undergone septation at both poles, 44% (83/188) of the mutant sporangia exhibited septa near both poles. Of the mutant sporangia with bipolar septa, 61% (76/124) contained DNA in one of the two forespore chambers (see Fig. 1F ). Additionally, 36% (45/124) of the bipolar sporangia contained DNA in neither of the forespores (see Fig. 1G ).
Sporulating cells have the potential to form septa at both poles but do not do so because the mother cell expresses genes that block cytokinesis at the pole distal to the first-formed septum (5). This pathway is triggered by gene expression in the forespore. Mutants blocked in the pathway form aberrant sporangia with septa at both poles (9) . In RacA mutant sporangia, the absence of DNA in the forespore would interrupt the pathway (by not allowing gene expression in the forespore), thereby allowing cytokinesis to take place at the distal pole of the sporangium. Therefore, the mutant gets a second chance at producing a forespore that has captured DNA. Despite the stubby nature of the nucleoid, the second polar septum frequently succeeds in capturing some chromosomal DNA. The resulting chromosome-containing forespore is able to proceed through the subsequent stages of spore formation despite the presence of an empty forespore at the other end of the sporangium. Sometimes, however, both efforts at trapping DNA fail, resulting in sporangia with empty forespores at both poles. Perhaps even in the wild type the potential to undergo septation at both poles is a fail-safe system that helps to ensure that chromosomal trapping occurs with very high efficiency.
Exclusion of replication origins. As an independent test of the effect of the racA mutation on DNA capture by the forespore, we visualized the replication origin region of the chromosome by using green fluorescent protein (GFP) fused to a protein (Spo0J) that binds near the origin (10 -12) . Sporangia contain two origins of replication, one for each chromosome. In wild-type sporangia, we observed one fluorescent focus of Spo0J-GFP in the forespore and another at the far end of the mother cell (Fig. 1H ). In the case of the RacA mutant, however, both foci were present in the mother cell in about 50% of the cases examined (Fig. 1I) . Therefore, RacA is needed for the formation of an elongated nucleoid whose origin regions localize to opposite poles of the cell.
We also examined the localization of the origin proximal-region early after the start of sporulation. In both the wild type and the mutant, we found origin regions to localize at or near opposite poles of these predivisional sporangia ( fig. S2) . Thus, localization of replication origins occurs in two steps. First, origins move apart to opposite poles in a RacA-independent manner (13) . Second, the origin regions become anchored at the poles in a process that is mediated by RacA.
RacA localizes to cell poles and the nucleoid. Next, we investigated the localization of RacA itself by using a fusion to GFP. Because RacA fused to GFP was nonfunctional, we used a strain (SB272) harboring racA and racA-gfp. RacA-GFP was seen as fluorescent foci at the extreme poles of the sporangia, both before and after polar division ( Fig. 2A) . RacA-GFP also exhibited a haze of fluorescence that colocalized with the nucleoid (Fig. 2A) . RacA-GFP was absent, however, from sporangia that had reached the next stage of sporulation in which the forespore is engulfed by the mother cell. Thus, We also carried out immunofluorescence microscopy with antibodies to RacA. The immunostaining pattern closely resembled that observed with RacA-GFP (Fig. 2B) . We observed little or no immunostaining in the RacA mutant control.
These findings suggest that (i) RacA binds throughout the chromosome, helping to remodel the nucleoid into an axial filament; and (ii) it anchors the chromosome to the cell poles. Consistent with the idea that RacA directly binds to DNA, the protein exhibits a putative helix-turn-helix motif in its NH 2 -terminal region. (RacA also has two apparent coiled-coil domains.) Moreover, a truncated protein lacking the putative helix-turn-helix localized only to the cell poles. We infer that the NH 2 -terminal region is responsible for DNA binding and that the COOH-terminal region is responsible for polar localization.
Anchoring chromosomes. To test whether RacA anchors chromosomes to the poles, we constructed a strain (SB281) in which racA and racA-gfp were under the control of an isopropyl ␤-D-thiogalactopyranoside (IPTG)-inducible promoter so that RacA synthesis could be artificially induced during growth. In the absence of IPTG, the cells grew normally, no signal from RacA-GFP was detected, and gaps were present between the nucleoids and the cell poles (Fig. 2C) (fig.  S3A ). After the addition of inducer, however, foci from RacA-GFP were detected at the poles and in a haze along the nucleoid (Fig.  2D) (fig. S3B) . Furthermore, nucleoids in many of the cells (348/400) had shifted to the poles, so that one edge of the nucleoids was closely apposed to a RacA-GFP focus. Thus, RacA localization does not depend on any developmental protein other than RacA itself, and RacA is sufficient to anchor the edge of the nucleoid to the extreme end of the cell.
RacA localization depends on DivIVA. A protein that could be responsible for tethering RacA to the poles is the cell division protein DivIVA. DivIVA is located at the poles, where it sequesters the division inhibitor MinCD, thereby preventing polar division during growth (14) . Moreover, DivIVA mutants are defective in sporulation and frequently produce empty forespores (15) . To determine whether polar localization of RacA depends on DivIVA, we investigated the localization of RacA-GFP in a DivIVA mutant. Growth is normally impaired in a DivIVA mutant because, in the absence of the division protein, MinCD is not retained at the cell poles and interferes with medial division (14) . To circumvent this complication, we used a strain (SB319) that was mutant for MinD as well as for DivIVA (15, 16) . RacA-GFP localization in a strain (SB314) that was 3 . Localization of RacA to the poles depends on DivIVA. Fluorescence microscopy was carried out at hour 2 of sporulation of cells from a RacA-GFP-producing strain (SB272) (A), a RacA-GFP-producing strain that was mutant for MinD (SB314) (B), and a RacA-GFP-producing strain that was mutant for MinD and DivIVA (SB319) (C). First column shows fluorescence from the membrane stain FM4-64 (red); second column shows fluorescence from RacA-GFP (green); third column shows an overlay of the first two; and fourth column shows an overlay of fluorescence from FM4-64, RacA-GFP, and the DNA stain DAPI (blue). Red lines in (C) point to cell poles; white lines indicate the position of the RacA-GFP foci. Scale bars, 1 m.
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24 JANUARY 2003 VOL 299 SCIENCE www.sciencemag.org mutant for MinD alone was largely similar to that observed in the wild type, and axial filament formation seemed to be normal (Fig.   3, A and B) . In the MinD DivIVA double mutant, however, RacA-GFP failed to localize to the extreme poles of the sporangium, instead forming foci at the outer edges of the nucleoid (Fig. 3C) .
Thus, polar localization of RacA-GFP depends on DivIVA, a finding consistent with the idea that DivIVA is directly or indirectly responsible for sequestering RacA to the cell poles. Also, in addition to its affinity for the nucleoid as a whole, RacA binds with strong preference to a site(s) located near the origin of replication, as inferred from the presence of a bright focus of RacA-GFP near the outer edge of the nucleoid, where the origin is known to be located.
Binding to the chromosome. Chromatin immunoprecipitation (ChIP) experiments were carried out to determine where RacA interacts with the chromosome. We prepared extracts from sporulating cells that had been treated with formaldehyde, which cross-links proteins to DNA. We then used antibodies to RacA to precipitate RacA-DNA complexes from the extracts. Finally, we recovered DNA from the immunoprecipitation and used it as a template for quantitative, radiolabeled polymerase chain reactions (PCRs) with 22 pairs of primers (Fig.  4A) . We detected a signal with all the primer pairs, including two from origin-distal locations (Fig. 4B) . As controls, little signal was detected with antibodies to GFP or when the ChIP procedure was carried out with sporulating cells from a RacA mutant. These findings are consistent with the cytological experiments, which had indicated that RacA colocalizes with the entire nucleoid. The ChIP experiments also revealed sites of preferential binding close to, and to the left of, the replication origin (Fig. 4, A  and B) . Once again, the findings are consistent with the cytological experiments, which had revealed a preferential association of RacA-GFP with the origin region of the chromosome. Thus, RacA binds in a dispersed manner throughout the chromosome as well as preferentially to a region of the chromosome located near the origin. Previous work involving large chromosomal rearrangements implicated a region from 214 to 366 kb to the left of the origin in trapping of DNA in the forespore (17) , but our analysis suggests that preferential binding by RacA is centered 60 to 80 kb from the origin.
Chromosomal anchoring and polar division. We propose the following model for anchoring of chromosomes to the cell poles during sporulation (Fig. 4C) . RacA is a kinetochore-like protein that interacts with a centromere-like element located near the replication origin and (directly or indirectly) with the division protein DivIVA, which is sequestered at the cell poles (14, 15) . We propose that RacA assembles into an adhesive patch that causes the origin region of the chromosome to stick at the pole. Facilitating polar anchoring is the capacity of RacA to bind in a nonspecific manner throughout the entire genome. We suggest that this dispersed mode of binding helps to remodel the nucleoid into an elongated structure, the axial filament, that can reach from pole to pole. Consistent with this remodeling function, RacA is present in high abundance in the sporangium, reaching a concentration (ϳ3000 molecules per cell) similar to that of a protein (SMC) known to cause chromosome condensation in B. subtilis (18) .
RacA may also play a role in polar division. The position of the division septum in bacteria is determined by the site of assembly of the tubulin-like protein FtsZ into a cytokinetic ring (19, 20) . Formation of the polar septum during sporulation is brought about by a switch in the position of the Z ring from the mid-cell to sites near both poles (although normally cytokinesis occurs at only one polar Z ring) (21) . This switch is mediated by a spiral intermediate, which could be responsible for redeploying FtsZ molecules from the mid-cell position to the poles, and is caused by an increase in FtsZ levels and by synthesis of an FtsZ-associated protein (22) . Polar division is normally prevented in growing cells by sequestration of the division inhibitor MinCD, which blocks Z ring formation, to the cell poles (14, 19, 20) . As noted above, DivIVA is a dual function protein that is responsible for sequestering both MinCD (14) and RacA at the poles. We propose that the interactions of MinCD and RacA with DivIVA occur successively and competitively, thereby helping to trigger polar division. In our model (Fig. 4C) , RacA displaces MinCD from DivIVA, releasing MinCD from the poles and facilitating polar Z ring formation. Consistent with this proposal, (i) the RacA mutant was delayed in its capacity to form polar septa; (ii) a mutation that blocks the sporulation-specific increase in FtsZ levels, which only mildly impairs polar division on its own, exhibited a synergistic effect when combined with a racA mutation; and (iii) induction of high levels of RacA synthesis during growth with an inducible promoter inhibited medial division and caused formation of filamentous cells and the appearance of polar septa, a phenotype that resembles that of a DivIVA mutant (16, 23) . Thus, RacA could help to link the two principal morphological events that transpire at the onset of development: (i) chromosomal remodeling and anchoring, and (ii) formation of a polar septum. If chromosome-bound RacA causes the release of MinCD from the poles, then the formation of polar Z rings and hence the polar septum would be delayed until the origin regions of the nucleoid reached and became anchored at the cell poles. 
